ABSTRACT PILONE, GORDON J. (University of California, Davis), RALPH E. KUNKEE, AND A. DINSMOOR WEBB. Chemical characterization of wines fermented with various malo-lactic bacteria. Appl. Microbiol. 14:608-615. 1966.-Six malo-lactic strains of lactic acid bacteria were isolated from California wines and identified as Lactobacillus delbrueckii, L. buchneri, L. brevis, Leuconostoc citrovorum, and two strains of Pediococcus cerevisiae. Malo-lactic fermentation was induced in separate lots of wine by inoculation of each lot with one of the strains of bacteria. Malo-lactic fermentation had occurred in each inoculated wine within 2 months. The resultant wines were subjected to chemical analysis, including gas chromatographic examination of concentrated extracts of the wines. Only a few differences in composition were found when the malo-lactic wines were compared one with another. The differences that were found were in volatile acidity and in concentrations of acetoin (plus diacetyl) and probably diethyl succinate.
As much as one-half of the organic acid of grapes may be composed of L-malic acid. The acidity of wine is often reduced by the conversion (malo-lactic fermentation) of the malic acid to lactic acid and CO2 by certain lactic acid bacteria (malo-lactic bacteria) some time after the alcoholic fermentation (2, 12, 15) . Besides the decrease in acidity, other changes in composition of the wine may occur as the result of malolactic fermentation (3, 4, 14, 15) . Lactic acid bacteria are variable in their metabolism from one strain to another, and thus the composition of malo-lactic wines might be expected to be dependent upon the predominant strain(s) of bacteria present. Six malo-lactic bacteria were isolated from wines from several regions of California. For the most part, these bacteria were biochemically and taxonomically diverse. Each of these bacteria was used to induce malolactic fermentation in a separate wine. The flavor differences in the resultant wines were found to be small (10) . The wines were then analyzed for chemical differences, especially in the volatile constituents, to determine whether they could be characterized as to the bacteria responsible for ' Taken in part from a thesis submitted by the senior author as partial fulfillment for the M.S. degree in Food Science, University of California. 2 Present address: Mont La Salle Vineyards, Napa.
Calif.
the malo-lactic fermentation. The analyses included gas-liquid chromatography of highly concentrated extracts of the wines. The malolactic wines were compared one with another and also with control wines which had not undergone malo-lactic fermentation.
MATERIALS AND METHODS
Media. The basal medium was a modified Rugosa medium (5): 2% tryptone (Difco), 0.5% peptone (Difco), 0.5% yeast extract (Difco), 0.1% liver extract (Wilson & Co., Chicago, Ill.), and 0.005% Tween 80 (Nutritional Biochemicals Corp., Cleveland, Ohio). For growth of bacteria, the basal medium was supplemented with 0.3% glucose and 0.2% lactose and made up in diluted (4.2-fold) canned tomato juice without preservative (S & W brand) which had been filtered through Hyflo Super Cel filter aid. The growth medium was adjusted to pH 4.5 with HCI. For isolation of bacteria, the growth medium was solidified with 2% agar (Difco) and adjusted to pH 5.5, rather than pH 4.5, and 100 ppm of cycloheximide (Actidione; The Upjohn Co., Kalamazoo, Mich.) was added to inhibit yeast growth. For testing for ability to ferment malic acid, 0.3% L-malic acid (Nutritional Biochemicals Corp.) was added to the growth medium, and it was adjusted to pH 4.5 with KOH. The basal medium was used for determination of fermentable sugar substrates with the test sugar (sterilized separately) present at 2% concentration. The basal medium with 0.5% glucose was also used to test for heterolactic fermentability.
COMPOSITION OF MALO-LACTIC WINES
malo-lactic wines by spreading a loop of wine on plates of the above isolation medium. The plates were incubated at 25 C in desiccators in which the oxygen had been exhausted by means of a lighted candle. After 1 to 2 weeks of incubation, gram-positive-catalase-negative (13) colonies were selected and tested for ability to ferment malic acid to lactic acid. Bacteria were considered malo-lactic bacteria if malic acid had disappeared in the medium by the time of obvious bacterial growth. Malic and lactic acids were determined qualitatively by paper chromatography (5, 7). Positive malo-lactic bacteria, which in all instances were Lactobacillaceae, were classified by standard methods given in Bergey's Maniual of Determinative Bacteriology and Manual of Microbiological Methods (13) . The size and shape of the bacteria were determined by examination of photomicrographs of bacteria imbedded in 1% agar. Heterolactic fermentability was determined by gas production in 7 ml of liquid media (see above) in tubes (outer diameter, 13 mm) covered with 2 to 3 ml of sterile molten mixture of equal parts of petroleum jelly and paraffin. Homolactic bacteria were incubated several weeks after obvious bacterial growth for confirmation of lack of gas production. Fermentability of sugars was determined by qualitative measurement of formation of lactic acid by paper chromatography (see above). Optimal temperatures of growth were obtained from Arrhenius plots of growth rates as measured by increases in turbidity, with time, of liquid cultures (5 ml) incubated in water baths at controlled temperatures. The turbidities were read at 600 m, in a Spectronic-20 colorimeter.
Vinification. Thirteen-gallon (49-liter) lots of wine were made from a 5:1 blend of crushed Grenache and Gamay Beaujolais grapes, grown in Davis, by standard methods of this laboratory (5, 10) . The lots for malo-lactic fermentation were inoculated with malo-lactic bacteria grown in 500 ml of growth medium, given above, to which had been added 50 ppm of SO2. The bacteria were centrifuged, washed, and resuspended in about 250 ml of sterile distilled water before use. Lots of crushed grapes with no bacterial addition served as controls. After completion of malolactic fermentation (from 1 to 2 months at 11 to 16 C, depending on the strain), the wines were racked; 5 gal (18.9 liters) was taken for preparation for gasliquid chromatographic analysis, and the remainder was stored for sensory analysis (10) . All equipment was thoroughly cleaned with hot water (60 C) to minimize microbiological contamination. A more detailed description of the vinification and induction of malo-lactic fermentation has been given (10) .
Chemical analyses. The wines were analyzed for pH, total acidity, volatile acidity, alcohol concentration, and tannin content by methods given by Amerine (1) . Acetoin (acetylmethyl carbinol) plus diacetyl (2, 3-butanedione) concentration was determined colorimetrically (6, 9) . Malic acid concentration was determined quantitatively (8) For the neutral fractions, the following columns and conditions were used: (i) Gas Pack companied the malo-lactic fermentation, as seen by the drop in total acidity and the rise in pH ( Table 2 ). The malo-lactic wines also showed a slight increase in volatile acidity, which often accompanies malo-lactic fermentation (5, 17) . The final alcohol concentration and the tannin content are practically the same for all of the wines. The greatest variation shown in Table 2 is in the concentration of acetoin (plus diacetyl).
Here the control wines were nearly alike, but the concentration found in the malo-lactic wines varied from about one-half of that found in the control to more than one and one-half times as much. Gas chromatographic analyses. The wines were concentrated about 10,000-fold (see Materials and Methods) to determine, by gas-liquid chromatographic techniques, whether differences in amounts of volatile materials could be detected in the wines fermented with different bacteria. To prevent esterification of the acids and alcohols of the concentrated samples, the acids were separated from the nonacidic material, and the incomplete separation of the acids and the neutral fractions. Again, the concentrasion of ethyl lactate was higher in the malo-lactic wines and was actually too small to be detected in the control wines (Tables 9 and 10 ). Generally, only small differences were found among the wines for the methylated acids (Tables 9 and 10 ). [Unusual concentrations of methylated acids were found in the wine fermented with Lactobacillus delbrueckii (Table 10 ), but this was apparently erroneous since the aberration did not appear when the fraction was chromatographed on the same support column at a different temperature (Table 9) ].
DIscussioN
The purpose of the research was to discover whether malo-lactic wines could be characterized, by chemical analysis, by the strain of bacteria which was responsible for the malo-lactic fermentation. A comparison of the composition of malo-lactic wines revealed only small differences. The most noticeable variation was in the acetoin (plus diacetyl) concentration. Two of the malolactic wines had concentrations of acetoin (plus diacetyl) the same or lower than the controls, but the others were higher. The malo-lactic wine with the lowest acetoin (plus diacetyl) concentration (that fermented with Lactobacillus brevis) also had a relatively lower volatile acidity, than the other malo-lactic wines. One might have expected larger differences in composition of the wines. The bacteria which induced the malolactic fermentation were different in their specificities for and metabolisms of sugars, in their optimal growth temperatures, and in the velocities of malo-lactic fermentation (10) . It has been shown that malo-lactic bacteria are variable in their formation of succinic acid and acetoin (19) . One assumes that the small differences in chemical composition that were found among the malo-lactic wines resulted from the bacteria responsible for the malo-lactic fermentation. However, differences might also result from vinification procedures, such as incomplete mixing of crushed grapes prior to division into individual lots.
Bigger differences in composition of the wines were found in the comparison of the wines without malo-lactic fermentation with those which had undergone malo-lactic fermentation. Malolactic fermentation resulted, of course, in loss of malic acid and increase in pH, and also an increase of both lactic acid and ethyl lactate. In addition, the acetoin (plus diacetyl) concentrations and volatile acidities were generally higher in the malo-lactic wines; this has usually been found in the comparison of wines with and without malo-lactic fermentation (5, 6, 11, 17) . But aside from the expected differences, the composition of the control wines was nearly the same as that of the malo-lactic wines.
It would seem that the metabolic end products of the bacteria were generally in such small amounts that any differences in the wines as the result of the bacteria were obscured by the presence of end products of yeast metabolism or materials from the grapes. The low concentration of metabolic end products from the bacteria might occur because the malo-lactic fermentation followed the yeast fermentation and only low concentrations of certain substrates, residual sugars etc., were available for metabolism by the bacteria. Greater differences in composition of malo-lactic wines fermented by various bacteria might be obtained with use of other varieties of grapes which had larger amounts of certain substrates.
The wines have also been subjected to sensory evaluation by an experienced tasting panel (10) . Less than half of the judges could make consistent differentiation of the wines. The wines were tasted and chemically analyzed about 4 months after vinification. The small organoleptic and chemical differences found may become more noticeable after the wines have been aged. Collectively, 4 of the 10 members of the tasting panel who were able to differentiate the wines ranked highest the wine fermented with Lactobacillus brevis. This wine also had the lowest volatile acidity and lowest acetoin (plus diacetyl) concentration.
Since some of the taste panel members were able to differentiate the wines, greater differences than were observed in chemical composition of the wines might have been expected. Contrarily, Webb et al. (16) reported that two sherries, fermented in two different ways, had large differences in aroma and taste but qualitatively almost identical compositions of volatile material.
The percentages of volatile materials found by chromatography represent the relative amounts of chemicals present in the concentrated extract, not necessarily the percentage amounts in the original wine. Because of the many manipulations required to obtain the extract, perhaps it is surprising that the relative compositions vary from one extract to another as little as they do. But it is this consistency in the relative amounts of most of the compounds found that gives importance to the differences found for some of the compounds. The identification of most of the volatile compounds is only tentative. This is especially true of diethyl succinate, for which comparison of retention times with known di-ethyl succinate was made on only one kind of gas chromatographic column. All of the volatile compounds found are those that have generally been found in fermented material (16) .
The percentages of two compounds found by gas chromatography are not given. Isoamyl alcohol (3-methyl 1-butanol) was found as a separate peak on the DG column, but it appeared in such high concentration that it could not be measured accurately by this method, and thus was not included in Table 7 . Isobutyl (2-methyl 1-propanyl) caproate was identified on the NPGA column, but it appeared only as a shoulder of another peak and is not given in Table 5 . The unknown peak in Table 5 (peak no. 2-not isobutyl caproate) is seen only in malo-lactic wines, but it was of some interest because it was found only in trace amounts.
In some of the tables of the gas chromatographic results, the compounds which were present in large amounts often appeared in all the malo-lactic wines at somewhat lower percentages than in the control wines; for example, see 2-phenethyl alcohol (peak no. 8) in Table 4 . The results were given as percentages of the total material found on the chromatograms and, because of the larger amount of ethyl lactate in the malo-lactic wines, the other compounds in the malo-lactic wines appeared at a correspondingly lower percentage of the total. When the data were normalized with respect, e.g., to ethyl caprylate, these differences between the control and malo-lactic wines disappeared.
